INTRODUCTION
It is widely accepted that CO 2 is the dominant stimulus for central chemosensitive neurones, and that their firing response is at least in part mediated by an increase in intracellular free protons (1) (2) (3) . With respect to acid extrusion, neurones within chemosensitive areas of the brainstem make use of sodium/proton exchange (NHE), while bicarbonate-dependent processes appear to play a minor role (3) . Up to now, 9 subtypes of sodium hydrogen exchangers have been identified (NHE1-9), which accomplish an electro-neutral exchange of Na + for H + . Most of them are highly regulated (glyco) phosphoproteins activated by free intracellular protons (4) . The NHE subtype 3 (NHE3) is expressed in areas of the ventrolateral brainstem with prevalence for respiration in rats (5, 6) and in rabbits (7) . In ventrolateral neurons of organotypic cultures derived from the medulla oblongata, selective NHE3 inhibitors lowered the intracellular pH (pHi). Accordingly, these inhibitors increased action potential firing of CO 2 /H + sensitive neurons (6, 8) . In vivo, a brainpermeant NHE3 inhibitor shifted the hypercapnic respiratory response to the range of smaller PCO 2 values and lowered the arterial threshold PCO 2 for central apnea in anaesthetized rabbits (7) . Recently, the level of NHE3 mRNA was found to be inversely related to individual levels of base-line ventilation (9) . Together, these findings strongly suggest that NHE3 is important for the control of respiration.
On the other hand, NHE3 is the dominant NHE subtype in kidney proximal tubules, where it substantially contributes to the re-uptake of Na + in exchange for H + . Mice deficient for this NHE isotype showed -among other disturbances -a reduced ability of proximal bicarbonate reabsorption (10, 11) . Due to the pivotal role NHE3 plays for metabolic acid-base balance, it is not surprising that its abundance and activity is feedback regulated: while alkali load lowered NHE3
protein in proximal tubules (12) , NH 4 Cl-induced acidosis up-regulated it in renal brush border membranes (13, 14) . In contrast, prolonged respiratory acidosis, had no influence on NHE3 expression in the kidney (15) (16) (17) , nor did it modify effects of NHE3-inhibitors on central respiratory chemosensitivity (18) .
These findings raise the question as to whether chronic metabolic acid-base disturbances can change NHE3 expression also in the brainstem. To test this possibility, we quantified NHE3 mRNA levels in the obex region by real time RT-PCR in animals subjected either to prolonged hypercapnia or to chronic metabolic acidosis. Since the latter treatment increased NHE3 mRNA levels but decreased ventilation, we speculate that the brainstem NHE3 expression level comprises a meaningful adaptation to physiological requirements. Based on our measurements of ventilation and acid base conditions, a model is proposed in which NHE3
over-expression is among factors to limit maladaptive hyperventilation during metabolic acidosis. Parts of this study have been published as abstract (19) .
METHODS

Animals
Thirty-five healthy adult male rabbits (Chinchilla Bastard, Charles River) were accustomed to a metabolic cage under control conditions and kept on species-adapted standard pellet food (Altromin 2123, Altromin GmbH, Lage, Germany) and water ad libitum. The principles of laboratory animal care were followed (German Law on the Protection of Animals). Blood and urine analyses and assessment of metabolic rate
As described previously (20) , arterial blood gases and pH were measured by conventional equipment (ABL 5 Radiometer, Denmark). Standard base excess (BE) was determined directly. Lactate and creatinine concentrations in serum (and urine) were assayed photometrically with standard tests (Labor + Technik, Eberhard Lehmann, Berlin, Germany). To assess total base excretion, fluid and precipitated portions of the 24h urine were analyzed for bicarbonate and carbonate by titration (pH-electrode and Titrator DL 70 ES, Mettler-Toledo, Gießen, Germany). The endogenous creatinine clearance was taken as an estimate of the glomerular filtration rate (GFR).
The metabolic CO 2 production (VCO 2 ) was determined by differential titration of expired CO 2 bound to barium hydroxide and converted to standard conditions (STPD). Alveolar ventilation 
RNA preparation and quantitative real time RT-PCR
To quantify individual brainstem NHE3 concentrations in coordination with respiratory variables, the transcript NHE3 mRNA was determined by real time RT-PCR from rabbit medulla oblongata essentially as described (7, 9) , whereby tissue was excised by two transversal cuts 3.0 ± 0.5 mm caudal and rostral to the obex. Tissue from kidney cortex was processed equally. All cDNA concentrations from tissue samples were normalized to an amount of 1 µg of total RNA.
Experimental protocol
The animals' metabolic CO 2 -production was determined at the same time on different days (8:00 -8:30 a.m.) and blood samples were taken from the central ear artery under local skin anesthesia.
Oxygen-enriched air (F I O 2 0.4-0.6) was inhaled, to minimize lactate formation and arterial chemoreflex responses (20) . Thereby, the average (±SEM) arterial O 2 partial pressure (PaO 2 ) and lactate concentration came to 27.2 ±1.9 kPa (~205 mmHg) and 2.0 ±0.3 mmol·l-1, respectively. These procedures were performed under control conditions before and after prolonged hypercapnia (N=5) or chronic metabolic acidosis (N=6).
Chronic hypercapnia was achieved by keeping animals individually for 72 hours in a modified semi-closed metabolic cage, constantly flooded with CO 2 in air (FCO 2 =0.06). Measurements were carried out 30 min after return to normal air breathing, at which time eucapnic steady state conditions had been reached (21) . After the measurements (10-15 min), hypercapnia was reestablished for 2 to 3 hours before animals were killed and tissue samples were taken.
Chronic metabolic acidosis was achieved by keeping animals for five days on a diet (PCC) with low alkali but high energy content (20) and by adding 1% ammonium chloride (w/v) to the drinking water for the last two days. The electrolyte composition of the feed was determined by analysis of ashes (Institute for Animal Health and Food Quality, Kiel Germany).
After experimentation, animals were sacrificed by an overdose of anaesthesia. Tissues for RNA analysis were quickly removed, snap frozen in liquid nitrogen and stored at -80°C. Resulting means ± SEM of NHE3 mRNA were compared to those of an untreated reference group (N=24).
Statistical analysis
Group mean values and standard errors of the mean (SEM) were calculated. After corroborating normal distribution and equality of variances, means were tested for significant differences by independent samples t-tests. The limit of significance was at P≤0.05. Correlation between selected variables and 95% mean confidence intervals was determined by regression analysis. Statistical analysis was in part carried out by using SPSS 8.0 for Windows software (SPSS Inc. Chicago, IL, USA). Table 1 shows the nutritional background and renal acid-base regulation in the rabbits before (N=11) and after hypercapnic (N=5) or NH 4 Cl treatment (N=6). In addition, data from a larger control group (N=24) were included for comparison. As a measure of food alkalinity, the cationanion difference per 100g was 86.9 ± 0.7 mEq in the standard food and 14.8 ± 1.6 mEq in the alkali-reduced PCC diet, the average energy contents amounted to 150 and 417 kcal, respectively.
RESULTS
Nutrition and renal function
Daily alkali and energy intake is based on food intake and composition of nutrients. With respect to fat, protein and carbohydrate content respiratory exchange ratios ranged from 0.91 to 0.93 in both types of feed.
Post-hypercapnic group: After hypercapnia, there were no major changes compared to the control group or to the situation before treatment. This notion is especially important for nutritional alkali intake and fractional renal base re-absorption, which was also not different. Nevertheless, absolute bicarbonate re-absorption was significantly increased proportional to an increased amount of filtered HCO 3 -(HCO 3 Tables 1 and 2 ).
NH 4 Cl-group:
Upon voluntary water-intake, daily NH 4 Cl ingestion was 13.6 ± 1.7 mEq. Prolonged application of ammonium chloride in conjunction with the PCC diet converted the normal nutritional surplus of alkali into an acid load. Although the animals reduced the quantity of daily food intake, energy intake and body weight remained unchanged. Due to nutritional acidification, urinary pH decreased to unusual low values for rabbits. The glomerular filtration rate estimated from endogenous creatinine clearance showed a tendency towards reduction (P=0.07), whereby the absolute re-absorption of bicarbonate was unchanged. The fractional HCO 3 -re-absorption amounted to nearly 100%. As in other species, the increased fractional base re-absorption during metabolic acidosis was paralleled by a rise in NHE3 mRNA as measured in renal cortices of the NH 4 Cl and the control group (Table 1) .
Systemic acid-base status and ventilation
Mean data describing the respiration-related functions of the experimental groups are shown in Table 2 . In the post-hypercapnic group, the arterial pH was slightly increased, while systemic base excess was considerably higher than under control conditions. Concomitantly, there was an increase in arterial PCO 2 (PaCO 2 ), but no significant change in alveolar ventilation (V A ). Metabolic CO 2 production (VCO 2 ) did not show any difference.
Chronic metabolic acidosis observed in the NH 4 Cl group was characterized by distinctly lowered values of pHa and base excess (BE). Concomitantly, there was a small decrease in PaCO 2 and considerable depression of V A by about 25%. Levels of PaO 2 and lactate were not different from controls. VCO 2 was significantly decreased indicating a reduced metabolic rate.
NHE3 expression and ventilation
NHE3 mRNA expression was quantified in the post-hypercapnic, the NH 4 Cl-treated and the control group (Table 2 and Fig. 1 ). Subsequent to chronic hypercapnia, brainstem NHE3 mRNA expression amounted to 1.48 ± 0.55 fg cDNA/µg RNA, which was not different from the average control level. Likewise, these animals did not differ from controls with respect to alveolar ventilation. In contrast, the level of brainstem NHE3 mRNA was increased 2.5-fold during chronic metabolic acidosis and alveolar ventilation was significantly decreased in these animals.
As previously shown for a smaller number of measurements (Wiemann et al. 2005) , there was an inverse correlation between V & A and NHE3 expression under control conditions, i.e. normal BE and V & CO 2 . Thus, the new data strongly corroborate this correlation (Fig. 2) . Much to our surprise and in spite of the experimentally induced changes in acid-base equilibrium (Fig. 1, Table 2 ), the mean values from both the post-hypercapnic and NH 4 Cl-treated sub-groups matched with the 95% confidence interval of this regression line. Results suggest that changes in ventilation during chronic acid-base imbalance do not mono-causally depend on acid-base conditions (see below).
DISCUSSION
This study shows for the first time that brainstem NHE3 mRNA expression in rabbits is signifi- 
Systemic acid-base balance and ventilation
Before we discuss mechanisms underlying long-term effects of hypercapnia and NH 4 Cltreatment, possible influences of hyperoxia on ventilation will be considered.
We are aware that central chemosensitive neurons in vitro are stimulated by oxidative stress, likely due to reduced NHE activity and impaired pHi regulation (25) . During the measurements, we shortly applied oxygen-enriched air to the animals, in order to reduce the respira-tory drive by peripheral chemoreceptor activity, which in rabbit single chemoreceptor fibers under normoxic conditions amounted to as much as 30% of maximum hypoxic discharge (26) . In line with this, it can be calculated for conscious rabbits (20) that alveolar ventilation decreases by ~12% (from 821 ±34.7 to 719 ±24.7 ml·min -1 , P <0.02), when the arterial PO 2 is enhanced from normoxic to hyperoxic values (120 to 250 mmHg). This demonstrates that central effects of hyperoxia are of minor significance for conscious rabbits, and apart from that cannot contribute to differences observed between the experimental groups, as oxygenenriched air was equally applied to all animals.
Effects of prolonged hypercapnia. Chronic hypercapnia increased minute ventilation as long as it was applied. Under post-hypercapnic re-established eucapnic conditions, alveolar ventilation in our rabbits was nearly unchanged from pre-hypercapnic values, in spite of elevated PaCO 2 and BE ( Table 2 ). This compensatory metabolic alkalosis after prolonged hypercapnia appears to be a common phenomenon in several species including man, whereby no ventilatory depression was found (for review see 27). In dogs after prolonged hypercapnia despite elevated bicarbonate buffers, ventilation was neither related to blood nor to CSF [H + ] (28). Rats subjected to severe hypercapnia for several months showed unchanged ventilation equal to that of the pre-hypercapnic levels, whenever intermittently tested in room air (21) . Also in this case there was a metabolic alkalosis during the testing periods and a concomitant rise in PaCO 2 comparable to that what we found.
Possibly this constellation reflects an adaptation of the metabolic CO 2 -production which may influence ventilation as well (see below).
Effects of prolonged NH 4 Cl ingestion. Two days of ammonium chloride treatment in conjunction
with a non-alkalogenic feed induced a pronounced metabolic acidosis in conscious rabbits, which could not be prevented by even complete renal re-absorption of filtered bicarbonate ( Table 1) . As indicated by only slightly reduced PaCO 2 , this acidosis was hardly compensated by altered respiration (Table 2 ). Most striking, alveolar ventilation of NH 4 Cl-treated rabbits was rather decreased than increased (Figs. 1 and 3) as one might expect due to the overall systemic acidosis.
As suspected above, an influence on alveolar ventilation may also emanate from the metabolic rate. In the NH 4 Cl group, we found a reduction in VCO 2 ( Table 2) . A reduced daily food intake in our rabbits during ingestion of ammonium chloride cannot account for the lowered metabolic rate, since the high energy content of the diet prevented any deficit in alimentary energy uptake (Table 1 ). In line with this, human fasted volunteers showed significantly reduced base-line energy metabolism by up to 22%, when taking ammonium chloride for 24 hours (29) . Differences in metabolic rate that we found can also not be attributed to different feed components that could reduce VCO 2 at the expense of fat metabolism, since respiratory exchange ratios estimated for the two herbivore diets used in our study were equally above 0.90. As has been shown for man, levels of thyroxin are decreased (-30%) during fasting and also upon NH 4 Cl induced metabolic acidosis (30) , which likely lowers baseline metabolism. Likewise, acidotic inhibition of pH-sensitive enzymes such as the phosphofructokinase regulating the glycolytic pathway (31), or pH dependent changes of glucose utilisation and glutamine formation may be plausible explanations (32, 33) .
The lack of augmented ventilatory drive by chronic metabolic acidosis we found in conscious rabbits is in contrast to reports on humans, which outlined (albeit small) increases in ventilation upon exposition to NH 4 Cl (34, 35) . There was general agreement that the cerebrospinal fluid pH remains remarkably stable under conditions of long-term acid load achieved by either NH 4 Cl (27) or hydrochloric acid (36) . In the latter study, conscious dogs did not significantly hyperventilate after one week of dietary acid load, as long as secondary hypocapnia was admitted. On the other hand, the loss of bicarbonate during prolonged ingestion of hydrochloric acid was considerably reduced, when secondary hypocapnia was prevented by inhaled CO 2 (36, 37) . This raised the idea that hyperventilation in response to chronic metabolic acidosis could be maladaptive as it would waste bicarbonate buffer. Our data also suggest that a mechanism, which limits ventilation and thus keeps PaCO 2 at a nearly normal level, may be beneficial under these conditions. Alterations of central chemosensitivity due to changes of key molecules such as NHE3 may provide at least one possible explanation.
Brainstem NHE3 mRNA expression
Effects of prolonged hypercapnia. Brainstem NHE3 mRNA expression was found to be unchanged after prolonged hypercapnia (Fig. 1) . As already mentioned above, enduring hypercapnia for three days was shortly interrupted to obtain eucapnic respiratory base-line values and was re-established before tissue sampling. Since the half-life of NHE3 mRNA amounts to several hours (38) , our finding of no NHE3 mRNA up-regulation upon chronic respiratory acidosis cannot be attributed to possible mRNA instability during short-term interruption of hypercapnia.
There are also no reports on altered NHE3 abundance in the kidney during prolonged respiratory acid-base changes (15) (16) (17) . These findings could explain why the fractional (but not the absolute) renal base re-absorption (Table 1) remained the same before and after chronic hypercapnia in our experiments. Although a change in brainstem NHE3 abundance can be excluded as possible factor to adjust ventilation under these conditions, no direct conclusions can be drawn concerning exchange rates and pHi regulation in central chemosensitive sites.
It is possible that higher exchange rates (Vmax) are elicited by chronic respiratory acidosis, as has been observed in kidney tubules (39). However, if this was in fact the case for central chemosensors, ventilation should have been more visibly decreased below the reference range in Fig. 2 .
Effects of prolonged NH 4 Cl ingestion. Upon chronic metabolic acidosis, the mean level of brainstem NHE3 mRNA increased 2.5-fold ( Table 2 , Fig. 1 ). In kidney cortices of this animal collective we found a parallel increase in NHE3 expression (Table 1) , thus confirming previous findings (13, 14) . Although we have no direct evidence that the level of NHE3 mRNA in the brainstem reflects NHE3 protein abundance, this is rather likely from studies on other NHE3 expressing tissues, e.g. renal epithelium cells, where elevated NHE3 mRNA expression upon chronic metabolic acidosis well enough paralleled protein expression (40-42).
Increases in NHE3 abundance upon chronic metabolic NH 4 Cl acidosis have been suggested to rely on an acid sensor or may be elicited more directly by high levels of renal NH 4 + (43). However, pH regulation in brain and CSF is partly uncoupled from systemic acid base balance (see above), such that neurons may be largely prevented from perceiving stimulatory pH changes during chronic metabolic acidosis. Also the finding that enhanced NHE3 expression did not occur upon respiratory acidosis argues against a cellular acid sensor. Further studies are needed to clarify, why NHE3 gene expression appears to be rather equivalently regulated in brainstem and kidney.
Possible mechanisms underlying NHE3 up-regulation upon chronic metabolic acidosis
At present we can only speculate on the mechanism underlying NHE3 up-regulation in the brain- However, at present it remains open, whether the up-regulation of NHE3 mRNA we found in kidney and brainstem is a direct effect on NHE3 producing cells (caused e.g. by the ammonium-load, acidosis, or changed metabolic pathways) and/or an indirect effect which involves systemic hormonal responses.
A multifactorial model of respiratory base-line setting
With respect to the inverse correlation between brainstem NHE expression and alveolar ventilation, it is important to note that this relationship has been established for constant levels of metabolic rate and systemic acid base balance (9) . Although the mean value for chronic metabolic acidosis seemingly matches with the 95% confidence interval of the regression line under control conditions ( Fig. 2) , additional factors must be considered. (Table 2) . Finally, a ventilatory drive by elevated H + of about 18% can be discerned, likely elicited to the major degree by peripheral chemoreceptors (52), whose stimulatory contribution to ventilation was blunted by the former factors. Since up-regulation of NHE3 in central chemosensitive neurons would extrude H + and limit their firing rate, ventilation seems to be shifted into opposite directions by low systemic and high central intracellular pH. Thus, over-expression of brainstem NHE3 may finally limit "maladaptive" hyperventilation as outlined above. Vice versa, considering no change in NHE3 expression but small tendency to enhance CO 2 production after prolonged hypercapnia, the unmasked ventilatory 14 depression by compensatory metabolic alkalosis would come to about -14% (Fig. 3A) .
Taken together, the present data strengthen the idea that NHE3 acts as a functional pHi regulating membrane transporter in CO 2 Bars represent mean values ± SEM of untreated controls (black, N=24), of animals after exposure to CO 2 -enriched air for 72 hours (dark grey, N=5) and of those supplemented daily with ~14 mEq·ammonium chloride for two days (light grey, N=6). Significance of differences compared to controls is given at levels of * P <0.05 and ** P <0.01.
Note distinctly enhanced NHE3 mRNA expression upon chronic metabolic acidosis but not after prolonged hypercapnia.
Fig. 2. Medullary brainstem NHE3 expression and ventilation.
Alveolar ventilation (V A ) as a function of NHE3 mRNA and was estimated by regression analysis from repeated measurements in 24 rabbits under control conditions, including the data from (9) .
Means (± SEM) for the post-hypercapnic group (N=5) and for the NH 4 Cl-group (N=6) are added.
These groups appear to be matched with the 95% mean confidential interval despite experimentally induced acid-base imbalance. 
